The excellent properties of III-V semiconductors make them intriguing candidates for nextgeneration electronics and optoelectronics. Their nanowire (NW) counterparts further provide interesting geometry and a quantum confinement effect which benefits various applications. Among the many members of all the III-V semiconductors, III-antimonide NWs have attracted significant research interest due to their narrow, direct bandgap and high carrier mobility. However, due to the difficulty of NW fabrication, the development of III-antimonide NWs and their corresponding applications are always a step behind the other III-V semiconductors. Until recent years, because of advances in understanding and fabrication techniques, electronic and optoelectronic devices based on III-antimonide NWs with novel performance have been fabricated. In this review, we will focus on the development of the synthesis of III-antimonide NWs using different techniques and strategies for fine-tuning the crystal structure and composition as well as fabricating their corresponding heterostructures. With such development, the recent progress in the applications of III-antimonide NWs in electronics and optoelectronics is also surveyed. All these discussions provide valuable guidelines for the design of III-antimonide NWs for next-generation device utilization.
Introduction
Nowadays, the semiconductor industry is mostly a Si-based industry since the electronics integrated into personal computers and smartphones are largely Si-based devices. However, as the physical limit of the Si-based transistor is approaching, the search for a replacement is fueled up.
Among the different groups of potential replacements, III-V materials are considered a prime candidate and an alternative to replace Si in semiconductor industries owing to them having a direct bandgap and higher bulk carrier mobility than Si.
In particular, semiconductors based on III-antimonide (III-Sb, including GaSb and InSb) and their alloys with other III-V materials (e.g. InAs, InP and GaAs) are an interesting group that has attracted a tremendous amount of research interest. This group of materials has a large lattice constant (over 6 Å), a narrow and direct bandgap, high bulk electron and hole mobilities as well as a high g-factor. There are numerous applications of these semiconductors consisting of high-speed, low-power electronics for data processing, infrared (IR) optoelectronics for light emission or sensing and many others [1] [2] [3] .
At the same time, their nanowire (NW) counterparts provide extra benefits for many advanced utilizations. Generally, NW is a type of structure with a high-aspect ratio in length and diameter. As compared to its bulk counterparts, the advantages of NW include its better stress relaxation when growing heterostructure; its capability of advanced gate stacking integration for nanoscale transistors; its more efficient light adsorption and trapping (in NW arrays) for light sensing, and also its larger area-to-volume ratio for highperformance sensors. Owing to the narrow direct bandgap, III-Sb NW is also capable of being integrated into IR optoelectronics. Importantly, InSb NWs have been uniquely reported as a platform to study Majorana zero modes (MZMs) which benefits our knowledge of condensed-matter physics and might help to realize spin-based quantum computation [4] .
Despite having such intriguing properties and potential applications, however, as compared to III-arsenide (III-As) and III-phosphide (III-P), progress in studying III-Sb falls behind substantially. For example, the controllable growth of its pure wurtzite (WZ) phase in NW has only been realized recently. Since then, the development of fabricating III-Sb NWs and their heterostructures has attracted more interest due to a deeper understanding of the growth mechanism and advance in fabrication techniques.
The purpose of this review is to give a general overview of the challenges of growing III-Sb NWs, as well as review the recent progress on III-Sb NW fabrication and some benchmark applications. We will first introduce the physical properties of different III-Sb semiconductors and the recent research focus of their NW format. After that, the effect of Sb atoms in fabricating III-Sb NWs is also discussed. More importantly, the recent research progress including the phase and shape control in growing III-Sb NWs is surveyed. Finally, the electronic and optoelectronic applications utilizing these III-Sb NWs are presented. We end with an outlook on their future research and development directions.
In this section, the physical properties of some popular III-Sb alloy NWs and their recent progress are introduced. Their applications are outlined in detail in the Applications section below. Some physical properties of bulk III-Sb are listed in table 1 with comparison to Si, InAs, GaAs and InP.
1.1.1. Binary III-Sb NWs. Binary III-Sb, InSb (6.49 Å), GaSb (6.1 Å) and AlSb (6.13 Å) all have a large lattice constant (all over 6.1 Å). Due to their excellent properties, they have been extensively researched in their bulk form for various applications like electronics, IR detectors, IR lasers and thermophotovoltaic cells [1, 5, 6] .
Among the III-Sb materials, InSb and GaSb are the two most researched systems. InSb has the highest bulk electron mobility (78 000 cm 2 V −1 s −1 ), narrowest direct bandgap (0.17 eV) and largest electron g-factor (51) of the binary III-V semiconductors. With these superior properties, InSb NW can be utilized in high-performance low-power electronics, IR detectors and gas detectors [7] . It is also used in thermoelectric applications due to its high thermoelectric figure of merit [8] . In recent years, a large part of research interest on InSb NW has been focused on developing low dimensional quantum devices for Majorana fermions detection and manipulation as well as developing spin-based quantum computation [4] .
On the other hand, GaSb (0.72 eV) is also a direct bandgap material. With such a bandgap, GaSb can be used as a photodetector of the mid-IR spectrum. Also, GaSb is a III-V semiconductor with a high hole mobility among the III-V semiconductors (over 1000 cm 2 V −1 s −1 ) [9] which makes it a potential building block for a high-performance, p-type transistor for next-generation complementary metal-oxidesemiconductor (CMOS). The GaSb/InAs axial NW heterostructure is frequently used to develop tunnel field-effect transistors (TFETs) which can work below the thermionic limit of 60 mV/decade [10] .
Compared with InSb and GaSb, AlSb has a larger but indirect bandgap (1.74 eV) in its zinc-blend (ZB) form. The lattice constant of AlSb is close to InAs (6.06 Å, the lattice mismatch is 1.2%), which has a large conduction band offset (about 1.35 eV) and forms a type II alignment. Therefore, InAs/AlSb was frequently fabricated as a deep quantum well structure for various studies [11, 12] . The study of directly growing AlSb NW is rare. On the other hand, there are several reports on the InAs/AlSb core-shell NW heterostructure that study the growth behavior as well as the application for photodetectors [13] [14] [15] .
Ternary and quaternary III-Sb NWs.
Apart from the binary III-Sb, the ternary and quaternary alloys are receiving a lot of research interest. The driving force in studying the growth of a ternary and quaternary system is to realize the properties' tunability by precisely controlling the amount of incorporation of other group III (In, Ga and Al) and group V (As and P) elements. The ternary III-Sb alloys cover a large portion of the IR spectrum which makes them attractive candidates for optoelectronics and photodetectors from the near-IR to the far-IR range. Also, their excellent electrical properties and other unique properties make them capable of electronic applications. Here, three relatively more studied ternary III-Sb NWs are introduced. . Another more studied ternary III-Sb alloy is GaAsSb whose bandgap covers the wavelength range from near-IR (GaAs, 870 nm) to mid-IR (GaSb, 1700 nm) which is important for applications like solar cells, photonics, optical telecommunication, and optoelectronics. GaInSb has been used to fabricate a highperformance p-type transistor and shows good hole mobility [17] . It is considered a promising candidate for nextgeneration p-channel materials in CMOS technology [2] . The growth behavior of GaInSb NWs on a InSb/InAs wireon-wire stem and GaSb stem are studied [18, 19] . Other ternary III-Sb alloys are also studied for their growth behavior and unique applications. The growth behavior of InPSb [20, 21] and GaSbP [22] NWs are also studied but have not been much followed up.
There are some reports studying the quaternary III-Sb NWs [23, 24] but overall the research is still in its infancy. The study of quaternary III-Sb NWs is, however, still important for various applications due to it providing more room for the properties engineering.
1.1.3. Heterostructure. One important objective of studying III-Sb NWs is to create a heterostructure. The large lattice misfit between III-Sb materials and a traditional substrate like Si makes it difficult to grow a defectless epitaxial layer without a thick buffer layer, especially when creating heterostructure of InSb and other III-V materials as it has the largest lattice parameter (6.49 Å). The binary III-V semiconductor with the closest lattice parameter is AlSb (6.13 Å) which still has a large lattice mismatch. In bulk form, a large lattice match creates threading dislocations in the interface which may degrade the transport and optical properties [25, 26] .
Fabricating an axial heterostructure is especially important for III-Sb NWs as they usually are hard to nucleate directly on the substrate due to the existence of Sb in the growth environment; the contact angle of the catalytic particle is decreased and might be below the threshold for stable NW growth [27] . Although III-Sb NWs can be grown directly on different crystalline III-V (111)B substrates [27] , growing the III-Sb NWs on a stem (usually InAs, InP and GaAs NW) increases the NWs' yield effectively. Generally, InSb NW and its related alloy are grown on a InAs or InP stem [28] while GaSb NW and its related alloy are grown on an InAs and GaAs stem [29] .
Another motivation for growing a III-Sb heterostructure is to passivate the surface. III-V NWs usually have a surface layer that consists of a charge-rich layer. This surface layer degrades the device performance and needs to be passivated. Creating a core-shell structure stabilizes the surface dangling bond and isolates the surface of the core from the environment.
Finally, the heterostructure enhances the functionality of the NW. By careful design of the composition of the junctions, the band alignment of the heterostructure can be engineered accordingly. Heterostructures of NW are integrated for different applications like a NW-based light emitter (LED and laser), waveguide, TFET, solar cell and thermoelectric. For example, an InAs/GaSb-based axial p-n junction was used to fabricate a state-of-the-art TFET [30] . Mid-IR lasing was investigated in a GaAsSb-based axial NW structure [31] . An InAs/InSb axial NW was used to fabricate a THz detector [32] .
Methods fabricating III-Sb NWs
In this part, different mechanisms used to grow III-Sb NWs are presented. Different growth mechanisms have their benefits and disadvantages. Foreign metal-seeded growth, selfseeded, selective-area epitaxy (SAE) and top-down methods are discussed here. In the first three mechanisms, majorly vapor(source)-to-solid (NW) based techniques like chemical vapor deposition (CVD), metalorganic vapor-phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) are presented. However, various approaches like electrodeposition have also been reported to fabricate InSb NWs [33, 34] . Some related recent progress is introduced here as well.
Foreign metal-seeded growth
Growing NWs using foreign metal nanoparticles as catalysts is a commonly studied method. In this method, absorbing the group III elements of the predetermined NW to the catalytic nanoparticle, the group III element will form an alloy with the metal catalyst. As the supersaturation of the alloyed nanoparticle approaches, the solid phase NW precipitates at the triple interface between the catalytic nanoparticle, growth substrate and the gas (or liquid) phase environment. With this method, the structures of the NW can be guided by a combination of growth conditions like temperature, V/III ratio and substrate orientations. Other than these conditions, the choice of catalyst, the alloy composition, and the phase and size of the catalyst also play a significant part [35] [36] [37] [38] [39] . Depending on how the source is supplied and the interaction between the source and the catalytic particle, the catalytic growth mechanisms can be categorized as vapor-liquid-solid (VLS), vapor-solid-solid (VSS) and solutionliquid-solid (SLS).
Gold is the most frequently used catalyst due to its low eutectic temperature alloying with other metal elements. For III-V semiconductors, group III elements like Al, Ga and In form homogenous alloys with Au. The majority of reports on the foreign metal-seeded growth of III-Sb NWs are based on a Au nanoparticle either by dewetting of the thin Au film or by direct deposition of the pre-synthesis Au nanoparticle on top of the substrate. One known disadvantage of using Au as the catalyst is the formation of deep-level traps with silicon and degradation of the device performance which makes it forbidden in the CMOS fabrication process [40] . Searching for alternatives to replace Au as a NW catalyst is recommended. However, the use of Au catalyst is still dominant in NW research.
Various metals apart from Au have been used to fabricate III-Sb NWs. For example, Ag, Al, Cu, Ni and Ti were used but some of these have a similar problem to gold or have other issues [41] . In recent years, a research group from Lund used Sn-a group IV element that does not form a mid-gap trap with Si and is frequently used as a dopant for the III-V semiconductor-to fabricate GaSb and GaSb/GaAs axial heterojunctions ( figure 1(a) ) and study their growth behavior, structural properties and optical properties [42, 43] . In another report, Yang et al used Pd, another Si-based fabrication process-compatible element [41] , to fabricate GaSb NWs via a VSS mechanism [44] . The Pd catalysts form a rob-like structure with Ga and guide the NW to grow in a 〈111〉 direction within a narrow diameter range despite growing on amorphous SiO 2 . The p-type transistors fabricated by the obtained GaSb NW show good hole mobility [44] . Those studies might pave the way for CMOS process-compatible foreign metal-seeded III-Sb NW growth.
Self-seeded growth
This mechanism is very similar to foreign metal-seeded growth regarding using a metal nanoparticle as a catalyst. However, instead of using a foreign metal, this mechanism uses the very element that constitutes the NW itself which is the low melting point group III metal, In or Ga, to grow the III-V NWs. Using the constituent to catalyze the NW growth, this mechanism ensures high chemical purity and is expected to be CMOS compatible. To initiate self-catalyzed NW growth, the creation of Ga or In droplets is necessary before the growth. Also, as the droplet itself might consume during the growth, careful design of a growth parameter is necessary to balance the consumption and accumulation of the group III tip. One of the disadvantages of this method is the difficulty in controling the position and dimension.
This technique has been used to grow both binary and ternary III-Sb NWs. Self-seeded InSb and GaSb NWs were fabricated on a quartz substrate [45] and various III-V (111)B substrates [46] . Recently, the growth of ternary III-Sb by selfseeded growth has also been demonstrated in InAsSb ( figure 1(b) ) [47, 48] , GaAsSb [49] and InPSb [20, 21] . Creation of III-Sb-based axial and radial heterostructures has also been realized [29, 50, 51] , as well as relatively complex heterostructures like InAs/GaSb axial NW which requires switching both group III and group V elements during the NW growth [29] . The capability of creating heterostructures is extremely important as direct nucleation of III-Sb NWs on silicon is difficult and usually requires an InAs, InP or GaAs stem for nucleation.
As knowledge of growing III-Sb NWs has increased drastically in recent years, apart from just growing the NWs, researchers are capable of manipulating the crystal structure of self-seeded III-Sb NWs. For example, self-seeded growth InAs(Sb) NW can be used to create L-shape hierarchical structures by manipulating the In droplet [52] .
SAG
SAG epitaxy is also a self-catalyzed NW growing mechanism. In SAG, a dielectric layer (like Si x N y and SiO 2 ) is first deposited on the crystalline growth substrate. After that, welldefined openings are patterned by e-beam lithography or another lithography-based technique followed by etching on the Si x N y or SiO 2 layer. The NW nucleates on the exposed area of a single crystalline substrate grown by SAG in a layerby-layer mode, and the opening of a mask limits the lateral growth of the NW. In this sense, the crystal orientation of the substrate determines the NW growth direction of the NWs. During the growth, a catalytic droplet might be involved. Various III-Sb vertical NWs have been reported to be fabricated by SAG especially for the ternary alloy [53] [54] [55] [56] [57] .
Lateral InSb and GaSb NWs can also be fabricated using a SAG mode on a patterned GaAs(001) substrate with the aid of a hydrogen flux using MBE developed by the Wallart group [58] [59] [60] . In-plane GaSb NW structure has been grown directly on a patterned GaAs(001) substrate. The opening has a size of 100 nm and the resultant structure is used to grow inplane InAs NWs [58, 59] . The in-plane InSb NWs can be fabricated into a more complex planar structure like branched NW by controlling the opening shape [60] .
There is a CMOS-compatible technique worth noting that guided the NW epitaxial growth laterally which is called template-assisted selective epitaxy (TASE) developed in IBM [61] . TASE does not require a predeposited catalytic droplet and the NW grows directly on a single crystalline silicon opening. In TASE, the NWs are nucleated on a small Si window in a predefined hollow channel made by SiO 2 . The hollow channel defines the dimension and shape of the NWs. Also, antiphase defects and threading dislocations are avoided in this method. So far, high-quality GaSb NWs (figure 1(c)) have been grown by this method which will be discussed in a later part [62] .
Top-down
Fabricating NWs in a top-down manner involves using an etching technique to remove part of the materials. Some would consider the top-down method as a less favorable method for NW fabrication because, during the process, the surface of the NW may be damaged. Also, the top-down method has difficulty with some processes like doping and heterojunction creation. So far, reports of fabricating topdown, Sb-based, 1D nanostructures are based on reactive ion etching (RIE) or focused-ion-beam (FIB) irradiation by chemical and physical means. For example, a porous nanofiber network of GaSb [63] , InSb [64, 65] and GaAsSb [66] is fabricated by ion irradiation as a by-product of creating a porous layer. Ion irradiation also can be used to create a randomly distributed, vertical, 1D III-Sb nanostructure [67] .
The creation of a periodic, top-down NW array requires a mask to define the shapes, dimensions and position. For example, Kanamori et al reported using a patterned e-beam resist as a mask to create a periodic, GaSb nanopillar as subwavelength antireflection gratings by etching the GaSb substrate with a fast atom beam with SF 6 and Cl 2 gases [68] . On the other hand, patterned Au masks were used to create a GaSb nanopillar as small as 20 nm using a BCl 3 :Ar plasma etching [69] .
Lin et al reported a self-mask RIE method to create a GaSb nanopillar below 25 nm [70] . A partially-formed oxide layer was formed on top of the GaSb substrate while being exposed to oxygen plasma which acted as a mask to slow down the etching rate of the protected area. Etching with BCl 3 , vertical nanopillars with a diameter under 25 nm and an aspect ratio up to 24 could be achieved. The authors also compared the etching chemistry between BCl 3 /O 2 and Cl 2 /O 2 and concluded that using BCl 3 /O 2 produced thinner but shorter NWs while Cl 2 /O 2 yielded longer but thicker NPs ( figure 1(d) ). The difference was attributed to the difference between the reaction by-products. The reaction by-products between BCl 3 plasma and the oxide layer were more volatile which led to a smaller oxide mask and faster oxide consumption rate during etching hence resulting in smaller diameters with limited aspect ratio. With Cl 2 plasma, thicker and more tapered NWs were produced. This study highlighted the importance of etching species to the overall morphology of the NWs.
One technique worth noting developed to create highly scaled NWs is called digital-etch which allows the etching of the materials layer-by-layer. It can be worked as a tandem following a bottom-up or top-down approach which creates a relatively larger nanostructure and then further thins down the dimension. Digital-etch includes a series of self-limiting surface oxidation and oxide removal. The technique was used to create sub-10 nm features for a III-As based structure [71, 72] . Though it is such a powerful technique, there is only one report on digital-etch on a III-Sb nanostructure. Usually, the oxide removal agent for III-V digital-etch is a water-based acid that also attacks antimonides, which increases the surface roughness. Lu et al developed an alcohol-based etchant to tackle this problem [73] . With the etchant they created, the digital-etch process provided a radial etching rate of InGaSb NW about 1.0 nm/cycle and etched it down to 22 nm. Though the sub-10 nm structure has not been demonstrated so far, the technique is promising and might also apply to other antimonide-based semiconductors.
Effect of antimony to NW growth
The development of an antimonide-based epitaxial layer is more challenging than ones for the arsenides and phosphides. One challenge is the limited choice of commercially available substrates that are lattice-matched to the intended grown materials [27] . Also, the properties of Sb, such as low vapor pressure and the surfactant effect, bring up additional difficulties in growing the epitaxial layer [27] . For example, Sb was studied to change the growth dynamic of GeSi film on a Si(001) substrate [74] . With a small concentration of Sb introduced, the lateral growth rate of strained GeSi film was reduced. The growth mode transits from 2D to 3D; that is, the Stranski-Krastanov growth mode is more favorable in the system. The phenomenon can be explained by the decrease in surface diffusion length. The result of those effects is the thicker Ge layer and smaller Ge island [75] .
In growing the III-Sb NW counterparts, the process remains challenging. The surfactant effect of Sb changes the NW growth behavior, including the NW morphology and crystal structure, and complicates the process when growing ternary compounds and heterostructures. The low vapor pressure of Sb also makes the growth process difficult to reliably control. In this section, the issues encountered during the growth of III-Sb NWs are presented as background information and also try to pinpoint the reason why the development of III-Sb NWs lacks behind the III-As and III-P NWs.
Surfactant effect
III-Sb NWs are known to have a narrower growth window due to the surfactant effect of Sb atoms. As Sb atoms tend to segregate on the surface, the surface energy is modified accordingly. With the shift of surface energy, the growth rate, crystal structure and the preferred preferential growth direction of the shell layer also change. These effects limit further development of the III-Sb NWs.
3.1.1. On axial and radial growth rate. The surfactant effect of Sb is well documented in NW growth. For example, a small concentration of trimethylantimony (TMSb) was found to decrease the growth rate of a Au-catalyzed Si NW in the VLS growth mode [76] . It can be attributed to blocking the incorporation rate of Si atoms due to the surface segregation and hence reducing the growth rate.
The Sb segregation also modifies the contact angle of the catalytic droplet, which is the contact angle between the NW and the catalytic droplet. The change in the contact angle can vary the axial and lateral growth rate of the NWs. The low surface energy of Sb suppresses the contact angle of the catalytic and hence suppresses the axial growth rate.
One typical example is the indium droplet used in selfseeded NW growth. In the self-seeded growth mode of InAsSb NWs, the increase in Sb source vapor pressure reduces the contact angle of the In droplet and hence enhances the lateral growth and suppresses the axial growth rate [77, 78] . The authors of both reports attributed the segregation of Sb to the lowered surface energy of the In droplet and promoted the formation of a nanostructure with high lateral growth rate and a low axial growth rate. The poisoning effect, in which the Sb segregation blocks the incorporation of other atoms to the NW body, might also be attributed to the decrease in the axial growth rate. The reduction in axial growth rate limits the ability to obtain a high-aspect-ratio InAsSb NW with high Sb incorporation.
Except for altering the contact angle of the catalyst particle, the radial growth rate is also boosted in some III-Sb NWs by group III adatoms' adsorption on the NW sidewalls. In GaAsSb NWs, the diffusion length of Ga adatoms was shortened in the presence of Sb, so more of them are absorbed on the (110) side facet instead of diffusing to the catalytic tip, hence enhancing the radial growth and reducing the axial growth [56] .
3.1.2. On crystal structure. Controlling the phase purity of a NW is important since it has a huge implication on physical properties and device performance. For III-Sb NWs, the binary compound InSb and GaSb is always in a ZB phase in most of the reports using different techniques like MBE and MOVPE. However, using the same growth techniques, III-V materials like InP, InAs and GaAs are more likely in the WZ phase or defective WZ phase [79] . Therefore, the incorporation of Sb to these NWs creates a high density of phase impurity or complete phase change [20, 80, 81] .
In a ternary Sb-based NW, little incorporation of Sb into InAs and InP, i.e. InAsSb (figures 2(a)-(e)) and InPSb (figure 2(f)), induces high density of stacking fault and twinning [20, 81] . The defect density can be adjusted by the Sb concentration. Taking Au-catalyzed InAs/InAs 1−x Sb x as an example system, Xu et al showed a clear transition from pure WZ InAs NW to a WZ and ZB mixture with a high density of twinning (x=0.03 to 0.08) to pure ZB InAs 1−x Sb x (when x=0.12) (figures 2(a)-(e)) [81] . A similar effect was also observed on self-catalyzed InAs 1−x Sb x NWs which showed it was not an Au-catalyst induced phase change [47, 82] .
In recent research, the WZ-to-ZB transition is related to the change of contact angle under higher Sb precursor flux. The diameter of the catalyst particle is increased under a higher Sb precursor flux which in turn decreases the contact angle in both Au-catalytic or self-catalytic growth [27, 56, 82] . Hence, the surface energy of the liquid (catalyst)-solid (NW) and liquid-vapor (source flux) are modified [56, 82] . Under high Sb flux, the surface energy modification favors ZB phase formation which leads to perfect ZB NWs when a certain threshold is reached.
On preferential growth direction.
To integrate the NWs into optoelectronic devices, creating core-shell heterostructures is an important step. The fabrication of IIIAs, III-P and III-N core-shell structures is better-developed than their III-Sb counterparts. For III-Sb NWs, the surfactant effect of the Sb changes the facet geometry and polarity of the core-shell NW structures obtained [83] . Yuan et al show the InP shell layer preferably grows along {112}B facets of hexagonal GaAsSb NW instead of {112}A facets which results in a triangular shape core-shell NW structure. For a typical GaAs core, the InP grows along the 〈110〉 directions which have the lowest surface energy. For GaAsSb, the presence of Sb modified the surface energy of different facets, i.e. the {112}A facets become the plane with the lowest surface energy and have a faster growth rate while the growth rate in 〈110〉 directions is reduced. The {112}B facets have the highest surface energy, so the InP growth is suppressed. A similar phenomenon was also observed during the growth of a GaAs/GaAsSb quantum well NW which limits the shell thickness when it is necessary to create a core-multishell structure [84] .
On surface morphology
The V/III ratio during the growth of III-V NWs is the key to adjusting the axial and radial growth rate. Therefore, the surface morphology of III-Sb NW is heavily dependent on the V/III ratio. In the study of growing GaAs/GaSb heterostructure NWs in MOVPE [27, 85] , the surface morphology and radial growth rate of the GaSb segment change with the supply ratio of Ga and Sb precursors. With the V/III ratio changed, the GaSb can be tuned between straight, thin NW, thicker NW, kinked NW or the irregular GaSb shell grown around the GaAs stem [27] .
In another study for InSb NWs, the authors discovered that the radial growth rate of InSb NW was increased with the increase of the V/III ratio. Therefore, under a high V/III ratio, an InSb nanocube is grown instead of the NW because of rebalancing the axial and radial growth rate [86] . The authors further studied the morphology evolution by adjusting the interdistance of the NW growth site. A similar effect was observed due to the change in the local V/III ratio.
Low vapor pressure of Sb
To grow III-V material, a controllable supply of group V and group III elements is necessary. The ratio between the two groups of elements is called the V/III ratio. In growing III-As and -P bulk materials using techniques like MBE and MOCVD, the V/III ratio is always high to maintain a sufficient supply of group V elements. Due to the high vapor pressure of As and P, the condensation of the elements is limited even under a high V/III ratio environment. It is not the same case for Sb due to its low vapor pressure. Elemental Sb tends to stick on the growth substrate and form Sb crystallites [87] .
The low vapor pressure of Sb compared to As and P poses some challenges when growing an axial heterostructure with an As-contained or P-contained junction. For example, regarding the growth of an InAs/InSb NW, even though the As supply is closed during the growth of the InSb segment, the InSb still contains a few percents of As. It suggests that the incorporation of As come from the As precursor residual in the background due to the high V/III ratio environment during the stem growth or the decomposition of the As-contained stem [88, 89] .
Another problem arises from the decomposition of the IIIAs stem in an As-limited regime during the growth of a III-Sb segment with high Sb flux. It has been observed in several reports. For example, when growing an InAs/InAsSb axial junction in MOVPE, the NW density growing under a very low AsH 3 supply is lower which indicated that the NW was broken during the growth [90] . In another report when growing GaAs/ GaAsSb NW under an As-limited growth environment, the GaAs stem became thinner; this was attributed to the decomposition of the GaAs segment [50] . During the growth of InSb NWs on an InP/InAs stem, the decomposition of the InAs segment limited the final length of the InSb NWs [91] .
Memory effect
Another problem that arises from growing III-Sb-based materials is the memory effect. It happens after growing a Sbrich structure and following it up by growing a non-Sb structure in the same chamber. The cause of memory effect is discussed elsewhere [27] . In brief, the low vapor pressure of the Sb requires a longer purging time and sufficient heating to desorb the remaining Sb inside the growth chamber. The residue changes the growth behavior of the epitaxial layer. For example, in bulk form, a Sb-containing heterostructure is known to cause a graded interface for a heterostructure in bulk form due to the existence of a Sb surfactant layer [92] .
The memory effect still exists when growing antimonide NWs. For NWs, the residual Sb might come from a residual TMSb precursor, decomposition by-products of the precursor [93] or the Sb traces remaining in the catalyst [94] . A certain amount of Sb dissolves in the metal catalyst tip, and when the Sb incorporates into the catalyst particle, the growth behavior of the non-Sb junction will be changed. In a report, the researchers claimed the Sb residual from the background made the growth of InAs NW right after the growth of the InSb segment challenging [93] . To eliminate this effect, the authors grew all the InAs NW stems under pre-designed conditions one by one and stored them in the store chamber. After that, the InAs NW samples were reintroduced to the growth chamber to grow the InSb NWs. In another study [94] , the authors suggested WZ-to-ZB transition of perfect GaAsSb to a stacking fault containing GaAs segment is due to the remaining Sb in the catalytic particle.
The memory effect needs to be taken care of in order to ensure the smooth fabrication process of Sb-containing junctions and Sb-less junctions. Careful design of the growth condition or growth chamber cleaning is necessary to prevent such an effect [27] .
Recent progress in III-Sb NWs development
In this part, some recent progress of III-Sb NWs is presented. This includes phase engineering, NW morphology control and composition engineering. The NW network formation and interface engineering of InSb NWs are also reviewed which only focused on MZM related research but might also benefit other applications.
Phase engineering
In this section, we will review the development of the phase engineering of III-Sb NWs regarding WZ phase formation which has not been achieved before. Also, the creation of twinning superlattices is also reviewed. The understanding of how to create these structures will benefit the integration of electronic and optoelectronic applications.
4.1.1. WZ formation. The crystal structures of III-V materials are either ZB or WZ in most of the cases. ZB is a cubic lattice system in which atoms occupy ABCABC sites while WZ is a hexagonal lattice system in which atoms occupy ABAB sites. The optical and electronic properties of these two crystal structures are different [95] [96] [97] [98] [99] . For example, the bandgap of WZ phase III-V materials is always higher than that of their ZB counterparts [100] . Another example: AlSb in the WZ phase is predicted to be a direct bandgap material while its ZB counterpart is an indirect bandgap [98] .
For various applications, the difference in crystal phases means different device performance. In a detailed study conducted using transmission electron microscopy (TEM) which is also capable of doing electrical measurement, ZB InAs NW transistors have a lower on-off ratio but higher field-effect mobility, conductivities, and electron concentration when V BG =0 V [99] . On the other hand, Ullah et al reported the performance difference of a WZ and ZB InAs NW transistor under different atmospheres [101] . Also, WZ InAsSb NWs are predicted to have better spin-orbit coupling than the ZB structure [102] . Therefore, the capability of fabricating a WZ III-Sb NW is important in terms of application aspects.
Depending on growth conditions, the crystal structure of III-V NWs can be switched between a ZB and WZ structure. For III-As and III-P NWs, the WZ NWs are easier to be obtained. III-As and III-P WZ NWs can be obtained by using a higher growth temperature [79] , lower V/III ratio [103] or NW diameter restriction method [104, 105] . However, III-Sb NWs are more favorably grown in the ZB phase. In earlier reports, the WZ phase was achievable but not in a controllable manner [46, 106, 107] . One possible reason for this is that III-Sb has the lowest ionicity among all the III-V materials. Generally speaking, materials with higher ionicity are more likely to form a WZ structure like III-nitride while a ZB structure is more favorably formed in materials with lower ionicity like III-Sb [46] .
As mentioned earlier, one reported strategy to grow a III-As or III-P WZ NW is to restrict the NW diameter. However, the same strategy so far does not apply to III-Sb NWs. In the previous report, InSb NWs with diameters down to sub-10 nm were fabricated using CVD but the NW is still in the ZB phase [108] . On the other hand, the WZ phase was found in very thick NWs (200-300 nm) with careful control of the growth conditions [46] . In the research of Mandl et al using the self-seeded approach, an InSb NW with a WZ phase was obtained. By observing the NW structure with a different growth time, they concluded that the amount of Sb incorporation in the In catalytic tip controlled the structure of the NW. High supersaturation in the In-Sb particle favors the WZ structure growth [46] .
Ghalamestani et al demonstrated the growth of WZ InSb NWs by decreasing the V/III ratio by two approaches [109] . In their report, they firstly suppressed the molar fraction of the group V source (in this case, TMSb) in the chamber which is a generic approach to grow WZ phase III-As and III-P NWs. During the growth of InSb NWs, the supply of the TMSb was gradually decreased, and the obtained InSb NWs showed a phase transition from ZB to 4H to WZ. After that, they also used a pulsing growth approach to limit the Sb supply inside the reactor. In that approach, the indium source supply trimethylindium (TMIn) was kept constant while the antimony source (TMSb) was supplied for a certain period for a certain number of cycles. With careful adjustment of the growth parameters like the pulse off time and Au particle size, a WZ segment was also obtained. However, during further attempts to grow a ZB-WZ-ZB structure, the WZ segment disappeared/transformed during the prolonged ZB segment growth (3:45 min), which suggested careful process management was needed to preserve the WZ segment. The authors suggested that a Sb-limited environment, high group III content in the catalytic particle, and certain wetting angles were necessary to grow a WZ phase InSb segment. They also tried to grow GaSb WZ NWs using a similar approach. However, no WZ phase was observed except for a few twin planes. The authors suggested a similar effect that happened on InSb NW might also possibly occur with GaSb NWs. However, the conditions were much more limited, and the attempt did not succeed.
Another approach to grow III-Sb in the WZ phase is to use a WZ phase III-V NW as an underlying template [110] . As the III-Sb shell layer grows along the already existing facet epitaxially, the shell layer is also in the WZ phase. This method has been demonstrated in several WZ III-V core/III-Sb shell systems like InAs/InAsSb NW [110] , and InAs/GaSb ( figure 3(a) ) [111] , GaAs/GaAsSb [112] and InAs/AlSb NWs [14] . In the report of Kindlund et al [14] , the growth of a AlSb WZ shell is more favorable than the ZB counterpart at a decreasing temperature as a consequence of the kinetic limitation of the AlSb shell growth.
Apart from being used as a growing template of the III-Sb shell layer, III-V WZ NW can also be used as a nucleation site of new III-Sb WZ NW. There are two reports about growing WZ phase InAsSb NWs on an InAs WZ NW template. In a report by Dahl et al [90] , the WZ segment of InAsSb NW was grown on an InAs WZ trunk using a secondary Au seed particle by MOVPE ( figure 3(b) ). The WZ InAs NWs' trunk was first grown using a Au seed particle. Secondary Au seed particles were then deposited on the WZ NW trunk and the growth of a branch structure started. The authors discovered that both WZ and ZB structures existed ( figure 3(c) ) in the InAsSb branch and that it was nucleated from the stacking fault which might suggest the secondary Au seeds on the sidewall migrated to the stacking fault and then the growth started. One interesting observation was that during the growth of the InAsSb branch, the Au seed particle was pushed to the ZB side while the WZ structure growth was eliminated eventually ( figure 3(b) ). It is because the growth of the ZB structure is more favorable than the WZ structure.
In another report [102] , Sestoft et al used the (1-100) side facet of an [0001] InAs WZ NW to grow InAs WZ NW. The Sb precursor was then introduced to the chamber to nucleate the growth of InAsSb NW. As the growth direction of the InAsSb NW was locked by the top facet of the InAs WZ NW, the InAsSb segment remained in the WZ phase.
Twinning superlattice.
The twinning superlattice is predicted to be a desirable structure for thermoelectric applications because it increases the difficulty of phonon transfer in the structure [113, 114] . It may also be beneficial for some electronic and optoelectronic applications. For III-As and III-P NWs, twinning superlattice structures have been realized by Zn-doping [115, 116] or by adjusting the growth parameters [95, 117] to change the surface energy. The growth of the InSb NW twinning superlattice has been realized recently. Using a solution route, Qian and Yang fabricated an InSb twinning superlattice NW under a relatively low temperature [45] . The superlattice formation was found to be related to the reduction rate fluctuation of an In and Sb source periodically. The twinning superlattice NWs showed high electron carrier concentration on the surface and ultrafast responses in photoconductive measurement despite the growth under such a low temperature.
In another report, Yuan et al fabricated twinning superlattice InSb and InP NWs using Au-catalyzed MOVPE [118] . By careful adjustment of the growth parameters like the V/III ratio and total precursor flow, the shape and the contact angle of the Au catalyst were manipulated which triggered the growth of a twinning superlattice. The manipulation of the contact angle changes the surface energy which is similar to the Zn-doping route. This method is expected to apply not only to InSb NW but also to III-Sb and In-V NWs due to their low surface energy, as demonstrated with the InP twinning superlattice in the same report [118] . III-P and III-As counterparts. In earlier reports, binary III-Sb NW with a very small diameter is attainable (5 nm for InSb NWs [108] and 25 nm for GaSb NWs [45] ). However, the diameter distribution in these reports is rather large which is not desirable for large-scale device integration. Trimming down the NW size becomes an important task to be tackled.
There are several reasons behind the diameter enlargement in III-Sb NWs. First of all, the catalyst particle of III-Sb NWs has a larger size than the III-P and III-As counterparts which leads to a larger corresponding NW diameter. The catalyst particle tends to absorb a higher amount of the group III element during the growth of III-Sb NWs [28, 85] . Also, Sb incorporates in the catalytic particle and leads to thicker NW diameters [46, 106] . Furthermore, it is commonly observed that increasing the V/III ratio (increasing the Sb supply for III-Sb NW while keeping the group III precursor unchanged) would also increase the radial growth of III-Sb NW, as described in the earlier section. Another factor, unexpectedly, is that the length of stem size also affects the NW morphology. As reported by Pea et al, a longer InAs stem increases the overgrowth of InAsSb NW [119] . These effects limit the minimum attainable NW size. Therefore, it is important to discover how to fabricate thin NWs with a narrow diameter distribution. Here some reports are outlined that discuss the suppression of the radial growth rate.
To grow thin III-Sb NW, it is important to carefully adjust the growth conditions like growth temperature and Sb precursor supply. Ek et al demonstrated that by adjusting the growth temperature and the partial pressure of TMSb (Sb precursor), the nucleation yield, GaSb NW diameter and growth rate can also be adjusted in a MOVPE [120] . They found that with higher growth temperature or TMSb partial pressure, the critical GaSb NW size grown on an InAs stem could be lower due to lower supersaturation in a Au particle. In their report, they showed that by minimizing the InAs stem size (down to 21 nm) and increasing the TMSb partial pressure, thin GaSb NW (32 nm) could be grown with high yield.
Yang et al used a sulfur surfactant to stabilize the sidewall of GaSb NWs during the growth process in a tube furnace [121] . They compared the GaSb NWs with and without the use of a sulfur surfactant. Without sulfur, the GaSb NWs had a much larger diameter (219 nm in average) and the NW was tapered. With the use of a sulfur surfactant, the diameters were drastically smaller (24 nm in average) and had a smooth surface without tapering. The authors attributed that the S atoms bonded with the unsaturated Sb atoms on the surface and formed stable S-Sb bonds. As the sidewalls of the GaSb NWs were stabilized, the undesired radial growth was suppressed. In a further study [44] , they replaced the Au catalyst with Pd ( figure 4(a) ). By employing the Pd catalyst, the growth mode of the GaSb NW switches from a VLS mode to VSS mode. The cylindrical PdGa alloy catalyst particle further narrowed down the diameter distribution and the NW orientation (figures 4(b) and (c)).
Growing III-Sb NWs in a predefined template is another strategy to suppress the radial growth. As described in the previous section, TASE is a method to confine the NW dimension because the NW is grown inside a SiO 2 channel [61] . The dimension of the channel restricts the radial growth of the III-Sb NW. Therefore, by controlling the dimension of the SiO 2 channel, the NW dimension can be controlled. In a previous report, InAs NWs with a thickness of 23 nm were fabricated [61] . Recently, it was demonstrated that the same technique could be applied to grow GaSb NW. With this method, the obtained GaSb NWs' structure with the width down to 20 nm could be fabricated ( figure 1(c) ) [62] .
4.2.2.
Morphology control by adjusting the pitch distance. As described in an earlier section, the SAG mode is a method commonly used to fabricate a NWs array on top of the crystalline substrate without foreign catalyst incorporation. It also provides some room to adjust the morphology and optical properties of III-Sb NWs.
In the SAG growth mode, as the interdistance of the pitches can be adjusted precisely, some properties of the III-V NWs can be tuned accordingly [122, 123] . In III-Sb NWs, the pitch distance-dependent effect is more pronounced. Plissard et al controlled the shape of an InSb nanostructure from NW to nanocube by adjusting the interdistance of the NW stem [86] . The authors attributed the morphology evolution to the 'local' V/III ratio change. As the TMSb has a shorter diffusion length, the NW array with the shorter interdistance will suffer from a lower 'local' V/III ratio due to greater competition [124] . Therefore, the growth rates (both radial and axial) are decreased and hence the shape of the InSb nanostructure can be tuned accordingly. In recent years, there have been several reports about adjusting the pitch distance to modulate the optical properties of GaAsSb NWs. Apart from the change in growth rate, the composition of GaAsSb NWs is also dependent on the pitch interdistance. As mentioned earlier, the existence of Sb changes the absorption efficiency of the group V element and hence the composition's As/Sb ratio [56, 125] ; the optical properties of the GaAsSb NW array is also changed by the NW interdistance. In microphotoluminescence (u-PL) measurements, the GaAsSb NW array with smaller pitch length shows a redshift compared to a larger pitch length [125] . A similar redshift effect was also observed when the location of the GaAsSb NW shifts from the corner to the center of the array, which offers important guidance regarding the design of the NW array.
Composition engineering of ternary III-Sb NW
The physical properties of ternary NW are dependent on the composition. The composition tuning of the ternary III-Sb NWs provides flexibility to properties engineering which is important for optical and electrical applications. Table 2 shows some examples of the composition range of InAs 1−x Sb x and GaAs 1−x Sb x NWs attained by different reports.
For InAs 1−x Sb x NWs, full-composition tunability has already been demonstrated in an earlier report. Ercolani et al grew InAs/ InAs 1−x Sb x axial NW using gold nanoparticles as a catalyst in a chemical beam epitaxy (CBE) system [126] . By tuning the flux fraction of tert-dimethylaminoantimony (TDMASb) and tertiarybutylarsine (TBAs), the x value could be tuned from less than 0.1 up to 0.7 (InAs/InSb NWs were also reported by the same group [89] ) ( figures 5(a)-(c) ). Other than this report, several other reports also realize InAsSb with a wide x range using gold as a catalyst with an InAs stem in MOVPE [127] . With stemless InAs 1−x Sb x NWs directly grown on an InAs(111)B epi-ready substrate using MOVPE, x can be as high as 0.75 [128] . Further decreases in the molar fraction of AsH 3 to a certain level yield very short NWs or no NWs can be nucleated at all.
Although InAs 1−x Sb x NWs achieve a wide x range using Au as a catalyst, full-composition range growth is not observed by self-seeded growth or the SAG growth mode yet. Growing InAs 1−x Sb x NWs with the self-seeded method (which is using an In droplet as a catalyst) with a high x value remains challenging at the moment. As discussed earlier, the surfactant effect of Sb reduced the axial growth rate and promoted the lateral growth rate of the NWs when using an indium droplet as a catalyst. Using MOVPE, a flat InAs 1−x Sb x pillar with x as high as 0.43 was grown on Si (111) substrates [77] . Other reports using the self-seeded method seldom went over 0.2 [48, 78, 129] .
Using the SAG growth mode, i4.5 nm SiO2 was deposited on GaAs(111)B substrates by spin-coating and annealing hydrogen silsesquioxane (HSQ) as a mask to nucleate the growth of InAs 1−x Sb x . An x value as high as 0.35 was achieved [16, 130] .
GaAs 1−x Sb x NWs have been grown using various approaches. For example, using a gold catalyst, GaAs 1−x Sb x with Sb% as high as 60% was grown by MOCVD and MOVPE [131] . The self-catalyzed method was also used and the Sb% is below 50% [94, 132] .
In a recent report, a near full-composition-range (0x0.93) of GaAs 1−x Sb x was achieved on Si(111) substrates using MBE (figures 5(d)-(g)) [50] . The authors first studied growing GaAs 1−x Sb x directly on top of Si(111) substrates by tuning the flux of one group V supply (As or Sb) while keeping the other constant to increase the Sb content. By increasing the Sb flux, As-rich GaAs 1−x Sb x (0x0.35) was obtained while GaAs 1−x Sb x with x0.6 was achieved by decreasing the As flux ( figure 5(d) ). For the growth of the GaAs 1−x Sb x with the GaAs stem, however, only short and tapered NWs with x as high as 0.5 were grown by lowering the As flux to 9.75×10 −7 Torr. Further lowering the As flux yielded no NWs on the GaAs stem. To reach x>0.6, the authors shut down the As flux. Instead, the As source was supplied by the background. By tuning the As background, 0.54x0.93 was achieved ( figure 5(e) ).
Ga 1−x In x Sb NW is another promising system for electrical application. Ghalamestani et al grew Ga 1−x In x Sb NWs on a GaAs/GaSb stem, which showed that full-composition range tunability (x from 0.03 to 1) was achievable [19] . In another report from the same group, on an InAs/InSb stem, the x is from 0.3 to 1 [18] .
In conclusion, ternary III-Sb NWs with a wide-range x value can be obtained. However, reaching the wide composition range requires suitable design and a growth method which includes the choice of NW stem used, shutting down the supply of one group V element and fine-tuning the growth parameters. The non-gold foreign catalyst for ternary III-Sb NWs has not yet been explored. Also, achieving a high x for self-catalyzed InAs 1−x Sb x NW still needs to be developed.
Toward quantum computation
The manipulation of MZMs might be the key to achieving topological quantum computation. The high g-factor and low effective mass of InSb-based (and also InAs) NW make it an ideal platform to search for MZMs research.
The first observed signature of MZMs was reported in 2012 on an InSb NW device [91] . After that, researchers have tried to look for more MZM signatures or to gain better control of them. The strong spin-orbit coupling and large g-factor of InAs and InSb make them ideal materials to realize topological superconductivity and MZMs, especially in their NW form. However, to investigate MZMs, a good quality NW network and semiconductor/superconductor interface are necessary to ensure the nearly ballistic transport. Also, unwanted Majoranas might be induced by defects in the wires and interface. This part focuses on the work done towards creating an InSb NW network and the semiconductor/superconductor interface engineering of an InSb NW device. These are important developments toward spin-based quantum computation. A more in-depth review of the recent status of MZMs is referred to [4] . As from the background 4.4.1. Creating a NW network. One straightforward way to create a NW network is by a top-down approach. However, good quality epitaxial film is hard to grow. Also, an adequate etching process still needs to be developed [4] . Aside from lithography-based top-down techniques, creating complex NW networks by VLS-based bottom-up methods also draws huge attention. Various growth schemes are developed to create monocrystalline InAs and InSb NW networks.
One way to create a NW network is by merging multiple NWs during NW growth. To interconnect the bottom-up NWs, precise control of the NWs' position and their merging angle is of paramount importance. The latter part requires the capability of controlling the growth orientation which is usually done by creating inclined NWs. Based on the experience of the NWs' growth, various growth schemes are developed to create inclined InAs and InSb NWs which include manipulating the growth substrate's orientation [133] ; for example, inclined InAs NWs can be grown on an (001) InAs substrate. As a large amount of NWs are grown together, there is a certain possibility that InAs NWs merge and form a T-junction and K-junction [133] . The inclined NW can also be grown on a sloped facet [134, 135] or by using a kinked NW stem as the growth site [136] . For an InSb NW, an InP NW stem is needed for nucleation. After creating inclined NWs, the well-positioned catalytic site is essential to increase the yield of NWs merging to form the NW network. It can be done by lithography-based positioning. Another concern of these NW networks is the crystallinity. Nonoptimized design of the NW phase and the growth orientation result in phase transformation or defects formation which is undesirable [134, 136] .
Plissard et al fabricated InSb nanocrosses using a vertical Au-catalyzed InP/InAs stem as a base [91] . After growing the InP/InAs stem, the NWs were then annealed so that the Autip slipped to one of the {112} side facets and the InSb NWs were grown on those facets horizontally. T or X shape junctions were formed when the InSb NWs met and merged. A single crystalline structure could be formed when the crossing angle of two InSb NWs was 70.5°(a twin junction might also form depending on the polarity orientation of the wires). The yield of single crystalline structure in this report was low. To further improve the yield, the same group patterned the catalyst position by electron beam lithography on the InP (001) substrate [137] . As the InP stems preferred to grow in the two 〈111〉 B direction, the chance for two NWs merging at 109.5°increases to 25% ( figure 6(a) ). In this report, the authors also found that a certain offset of the catalyst position was needed to prevent the formation of a bridge junction when two catalytic-tips merged ( figure 6(b) ). The crystal quality of the junction is high (figures 6(c)-(e) ). An even more complex 'hashtag' InSb NW structure was reported in 2017, using RIE and followed by wet-etching to expose the InP (111)B facets [138] . The InP stem and the InSb NW grew along the (111)B facets on predefined catalyst sites and were forced to meet at the destined position and merged to form a complex nanostructure. More complex structures can be formed by controlling the trenches' dimension and spacing. These complex network structures show Aharonov-Bohm and weak-antilocalization effects under quantum transport measurement which proves that these networks are phase-coherent and which shows strong spin-orbit coupling [138] .
Semiconductor-superconductor interface engineering.
In previous reports [91, 139] , the signature of Majorana particles was observed in semiconductor-superconductor NW devices. To realize the MZMs, the fabrication of a high-quality semiconductor and superconductor (usually Al or NbTiN) interface needs to be developed. In this session, research into III-Sb NW-based devices is highlighted from the device fabrication perspective to review the progress of MZMs studied.
Earlier reports used sputtering or evaporation to create electrodes without any interface engineering [91, 140, 141] . However, these devices show a soft superconducting gap which degrades the topological protection. One of the possible sources of the existing soft gap is the interface inhomogeneity like the formation of native oxide on the NW surface [142] . Therefore, to reduce the subgap states, the interface of the semiconductor and superconductor electrode must be of high quality. To improve the interface quality, diluted ammonium sulfide solution was used to passivate the InSb NW surface in two reports [143, 144] . Ammonium sulfide solution is commonly used to remove the native oxide as well as passivate the surface dangling bond of a III-V semiconductor [145] . However, as the passivation is an ex situ process, the passivation effect is not satisfied.
Further improvement is achieved by cleaning the sulfurcleaned InSb NW surface with in situ low-power argon cleaning and then depositing a thin wetting layer (5 nm of NbTi) before the deposition of the NbTiN electrode. The device shows lower contact resistance, hard superconducting properties and a supercurrent under ∼0.5 T of magnetic fields [144] . Using a similar treatment sequence [146] , the InSb device shows clear ballistic transport properties. In another report [147] , Gill et al deposited an Al shell epitaxially on a selective area of the InSb NW after S-cleaning and low-power argon cleaning. The obtained device showed high interface quality and exhibited a hard superconducting gap and near no-loss transmission of the supercurrent in a single-mode regime. A high-quality interface could also be achieved by in situ atomic hydrogen treatment which has been demonstrated to be an alternative way to remove the native oxide under ultrahigh vacuum under a relatively low temperature (300°C) [148] .
Another method is to produce a high-quality interface to grow an Al epitaxial layer around the NW right after the NW has grown without breaking the vacuum, as has been performed on InAs NWs [102] . In a recent report, the growth of an Al shell on both ZB and WZ InAsSb NWs is studied. With an increasing amount of Sb incorporation in InAs NW, the relative orientation of the Al shell changes. The structure shows a hard gap induced superconductivity which is consistent with topological phase transitions.
Applications of III-Sb NWs
So far, the properties, growth and some recent progress of III-Sb NWs have been discussed. Due to a deepened understanding of how to manipulate growth and properties engineering, combined with the excellent electrical and optical properties of III-Sb NWs, various applications have been realized in recent years.
For example, InSb NWs were used to fabricate a NO 2 sensor [149] and thermoelectric [150, 151] . In this part, the recent progress of electronic and optoelectronic applications of III-Sb NWs will be discussed.
Electronics applications
The high electron mobility of InSb and the high hole mobility of GaSb make them and their alloys intriguing candidates for high-speed and low-power electronics. Field-effect transistors (FETs) are nowadays essential components in everyday life. A major application of FETs is data processing. The development of A.I., big data analytics and blockchain technology create huge demands of computation power which make the development of high-frequency and low-power consumption electronics necessary.
Developing a NWFET provides several advantages. For example, the implementation of a gate-all-around (GAA) structure provides good electrostatic control. Also, as the fabrication technique becomes more mature, materials with a wider range of options (like diameter and composition) can be fabricated in a NW heterojunction. Here, the III-Sb NW for a FET application is discussed.
5.1.1. n-type FET. Bulk InSb has the highest reported electron mobility among the III-V semiconductors. In a report by Gül et al [152] , after optimization of several factors like long time evacuation, substrate cleaning and contact spacing, n-type InSb NWFETs with an average low temperature (∼4.2 K) field-effect mobility of ∼2.5×10
4 cm 2 V −1 s −1 were obtained. The authors also demonstrated good reproducibility of these InSb NWFETs after process optimization.
Apart from computation, InSb FETs have been put in different applications. For example, InSb NWs were used to fabricate a NO 2 sensor [149] . The existence of NO 2 reduces the conductance of the InSb NW which makes the sensing possible. The NO 2 sensor is capable of sensing the NO 2 concentration up to one part-per-million (ppm). In another report, an InAs/InSb axial junction FET has been used for terahertz detection [32] .
Using terahertz spectroscopy and the Raman spectroscopy technique, the InAs 0.65 Sb 0.35 NW was found to have high electron mobility (∼16 000 cm 2 V −1 s −1 ) which makes it another potential candidate for high-performance electronics ( figure 7(a) ) [16] .
One drawback of using low bandgap III-Sb NWs as n-channel devices is the enhancement of leakage current which still needs to be improved.
p-type FET.
The development of a p-type antimonidebased NWFET is also important. However, development of a p-type III-V NWFET is challenging as the intrinsic NW always has an electron-rich surface layer which pins the Fermi level in the conduction band. Therefore, p-doping of InAs and InSb becomes difficult. An ex situ Zn-doped process has been developed for an InAs NW and the device shows a peak hole mobility of ∼60 cm 2 V −1 s −1 [153] . Yang et al developed an in situ carbon-doped p-type InSb NWFET that had field-effect mobility ∼140 cm 2 V −1 s −1 [154] . As the fabrication of p-type GaSb and GaInSb NW becomes more mature, several high-performance p-NWFET reports have been published. Using sulfur surfactant-assisted growth, a Au-catalyzed GaSb NW with a diameter down to 16 nm was fabricated [155] . Fabricating them into back-gated NWFETs, peak hole mobility ∼400 cm 2 V −1 s −1 was achieved with a hole concentration of ∼2.2×10 18 cm −3
(figures 7(b) and (c)).
In another report, a NW-like GaSb structure of 20 nm in thickness was fabricated on a silicon substrate with the confinement of the SiO 2 shell achieved by using TASE [62] . Using complementary Hall measurements, the sheet carrier concentration of a GaSb sheet fabricated by TASE was extracted to be 2.4×10 17 cm −3 with an average hole mobility of 760 cm 2 V −1 s −1 which is close to bulk epitaxial GaSb films. In the same report, the authors also show that using TASE, a GaSb NW can be grown with an InAs NW with a controlled position and dimension on the same Si substrate without the InAs devices being affected. TASE provides a promising method to directly integrate all III-V CMOS on silicon for next-generation high-performance lowpower electronics [62] .
Reports have investigated the performance of all III-V NW CMOS with a GaSb NWFET as the p-channel ( figure 7(d) ). Some fundamental logic gate-like invertor (figures 7(e) and (f)) and NOT-AND (NAND) gates were demonstrated [156] . In a recent report, a self-aligned gate-last process was developed to co-integrate InAs and GaSb NWs into an all III-V CMOS on Si [157] . Although the performance of an InAs NWFET is improved through complex fabrication processes, further optimization is needed to balance the n-channel and p-channel for future all III-V CMOS integration.
TFET.
A TFET is a promising device structure that allows the FET device to work below the thermionic limit (usually referred to as 60 mV/dec) of traditional metal-oxidesemiconductor field-effect transistor (MOSFETs) [158] . The motivation for developing this type of device is to fabricate ultra-low-power integrated circuits. A TFET is constructed by a p-n (or p-i-n) junction. Based on the charge carriers, the TFET can be a p-or n-type just like the MOSFET. The detailed working mechanism is presented in [159] . In brief, for a n-type TFET, at zero gate bias, the valence band of the p-junction and the conduction band of the n-junction are not aligned, and only very low current is passed through. The device is said to be OFF. With a positive gate voltage applied, the n-junction valence band and the p-junction conduction band overlap with each other. Charge carriers within a certain energy window can tunnel through the barriers.
Developing a NW TFET provides several advantages. For example, the implementation of a GAA structure provides good electrostatic control. Also, as the fabrication technique becomes more mature, materials with a wide range of possibilities (like diameter and composition) can be fabricated in a NW heterojunction. Antimonide-based NWs have been integrated into a TFET as both n-junction (e.g. InAsSb) and p-junction (e.g. GaSb) due to their low channel effective mass. A GaSb/InAs NW-based junction is the most studied system. The band structure of the junction can either be broken or staggered. One important feature of this junction is the high on-current due to the low channel effective mass [160, 161] . Fabricating a high-performance TFET that can work below the thermionic limit and exhibits a high ON-current at the same time is challenging and needs a lot of optimization. For example, using the abovementioned TASE method, an InAs/GaSb n-TFET was fabricated [162] . The device showed a large subthreshold swing (1.4 V/dec) which might be due to the lack of intentional doping in the GaSb and the non-optimized gate stack suggested by the authors. In another report, an InAs/GaSb NW axial junction-based TFET with a 25 nm thick GaInAs insert integrated into a high-k topgated configuration and showed a subthreshold swing of 350 mV/dec at V D =100 mV [163] .
In recent years, Memisevic et al published a series of reports on a vertical InAs/GaSb NW-based TFET towards state-of-the-art performance. The reported NW junctions were fabricated on a highly n-doped InAs layer by MOVPE using a predefined Au catalyst. In 2016, a highly scaled InAs/GaSb NW TFET was fabricated utilizing a GAA geometry to improve electrostatic control [164] . The best device showed a subthreshold swing of 68 mV/dec which is still above the thermionic limit. The device also showed a high on-current 35 μA μm −1 at V GS =0.5 V and V DS =0.5 V. Later that year, the same group reported a NW TFET based on an InAs/ GaAsSb/GaSb NW TFET [165] . The device exhibited an improved below-thermionic subthreshold swing (48 mV/dec) for V DS =0.1-0.5 V, with an on-current of 10.6 μA μm
and off-current of 1 nA μm −1 at V DS =0.3 V and with high I 60 (the current when the subthreshold swing is 60 mV/dec). In 2017, they reported on an InAs/InxGa 1−x As y Sb 1-y /GaSb vertical NW TFET with similar performance ( figure 8(a) ) [166] . Both devices presented a much higher current than the reported Si-based TFETs. Further study of source doping reduced the subthreshold swing to 30 mV/dec (figures 8(b)-(c)) [30] . This series of reports show that the performance of a TFET can be improved by (i) better electrostatic control with better gate stack, (ii) composition engineering of the junctions and (iii) optimized source doping. Further improvement might still be possible. Light emitters based on a NW structure have several advantages. First of all, the good strain relaxation of the NW reduces the defects formed between the epilayers and growth substrates if the lattice parameter or thermal expansion coefficient do not match. These defects act as non-radiative scattering centers and lower the internal quantum efficiency (IQE) of the light emitter. The 1D structure of the NW enhances the light extraction and allows the photons to escape more easily. The bandgap of III-V materials covers from mid-IR to visible light to the UV spectrum. Their direct bandgap made them promising candidates for light emitters. III-N, III-P and also III-As based NWs are particularly well studied for LED and NW laser applications [167] .
The studies into III-Sb NWs for light emitters are currently rather lacking, but they still have important applications-for example, LEDs and lasers that cover the mid-IR range of 2 um to 5 um are important in medical, gas sensor and materials processing.
GaSb-based NWs have been studied for potential NW laser applications. In 2006, the near-IR lasing properties of GaSb subwavelength wires with a cross-sectional dimension of 700-1500 nm were studied [168] . After that, antimonitebased NW has not been much studied. In recent years, Yuan et al demonstrated the potential of the spontaneous emission of NW based on a GaAs 1−x Sb x /Al 1−y Ga y As radial quantum well ( figure 9(a) ) [84] . The radial growth behavior of GaAs 1−x Sb x was studied using MOVPE. The optimized GaAs 0.89 Sb 0.11 /Al 1−y Ga y As quantum well (QW) structure grown around the GaAs core was studied. The NWs showed strong PL emission around 903 nm at room temperature with a carrier lifetime of 305 ps. The IQE was also high at low excitation power which proved the QW structure had a high crystal quality after growth optimization. Combined with the Fabry-Perot cavity in the NW, strong amplified spontaneous emission was observed at both ends of the NW (810 to 930 nm) (figures 9(b) and (c)).
In another report [31] , single-mode near-IR lasing (from 890 to 990 nm) was demonstrated on a single GaAs-based superlattice NW at room temperature (figures 9(d)-(e)). The GaAs NWs with GaAsSb inserts were grown using MBE. The GaAsSb inserts acted as a gain medium. With composition tuning, the lasing emission could be tuned from 890 to 990 nm ( figure 9(f) ). The superlattice structure demonstrated a low lasing threshold. The structure also had a high Q factor and high characteristic temperature. The unique superlattice structure provided a new design concept for a next-generation nanophotonic light source.
There is no III-Sb-based NW LED that has IR emission thus far. There is one report that used dilute-antimonite IIInitride NWs to realize a dot-in-wire LED [169] . The role of Sb here was to adjust the bandgap. With the incorporation of Sb (<1%), the bandgap of the GaN NW was tuned from 3.4 eV to ∼2 eV due to the strong interaction between Ga and N-neighbors. By tuning the Sb incorporation, the emission wavelengths of the GaSbN/GaN tunnel junction LED could be tuned from ∼365 nm to 600 nm at room temperature. The LED also showed stable emission under injection current from 10 mA to 200 mA.
Photodetector.
High carrier mobility and the direct bandgap of the III-Sb NW makes it a promising candidate for a high-performance photodetector. High carrier mobility leads to a low transit time which increases the gain. Particularly, as the bandgap of most III-Sb materials lies in the IR range, it is of utmost interest to develop a III-Sb NW-based IR detector.
Single junction field-effect type InSb [170, 171] and GaAsSb [172, 173] NW-based photodetectors were reported. Among them, an electrochemically fabricated InSb NWsbased photodetector shows very good responsivity (8.4×10 AW −1 ) and quantum efficiency (1.96×10 6 %) for an incident wavelength of 5.5 μm and power of 0.49 mW cm −2 [170] . The authors attributed the high responsivity and quantum efficiency to the high crystal quality, the highaspect ratio of the NW structure and the enhanced space charge effect by the Schottky contacts formation. A CVDgrown GaAs 0.26 Sb 0.74 NW-based photodetector shows a wide detection range from 1.16 μm to 1.55 μm with good responsivity and quantum efficiency [172] .
With the maturation of the growth process of a III-Sbbased radial and axial heterostructure, a NW photodetector with improved device characteristics can be fabricated. For example, the shell layer can passivate the surface state of the NW core in a core-shell NW which increases the efficiency of NW devices [174, 175] . A room temperature IR photodetector based on an InAs/AlSb core-shell NW was reported recently. The AlSb shell layer provided good surface passivation and quantum confinement to the InAs NW ( figure 10(a) ) [13] . The phototransistor showed negative photoconductivity. Compared with a bare InAs NW phototransistor, the dark current was two orders of magnitude lower with a much-improved signal-to-noise ratio.
Ma et al fabricated Au-catalyzed GaSb/GaInSb p−n heterojunction NW using CVD ( figure 10(b) ) [176] . The GaSb and GaInSb junction formed a kinked angle due to the change in growth direction during GaInSb junction growth transits from GaSb. The crystal quality of the NWs was good. The device showed excellent quantum efficiency, responsivity and a short response time in the optical communication range.
A mid-IR photodetector has been demonstrated by using InAsSb/InAs NWs on different substrates [177] [178] [179] . The cutoff wavelength of the photodetector was found to be diameter dependent. The maximum 20% cutoff could reach 5.7 μm at 5 K for InAsSb with a diameter of 717 nm. The simulation result showed a higher cutoff could be obtained by enlarging the NW diameter.
In the report of Thompson et al the leakage current of the photodetector was reduced by a p-i-n junction (figures 10(c) and (d)) [177] . Their photodetector was constructed by a vertical p-i-n InAsSb NW array on InAs stems on the Si substrate. The photodetector showed a very low leakage current compared with a conventional InAs photodiode at room temperature [180] . An InAs NW-based photodetector is known to have high leakage current through the surface due to the existence of an electron accumulation layer which is also temperature dependent [180] . The authors attributed the low leakage current to good crystal quality and the absence of threading defects in the NWs.
So far, the antimonite-based photodetectors have shown good responsivity and good performance in near-IR to mid-IR sensing. The photodetectors have been in single junction type and axial heterojunction type in a single horizontal NW or vertical NW array. Study of a core-shell heterojunction-based NW photodetector is still lacking at this stage.
Outlook and conclusion
In summary, we have reviewed the recent advances of III-Sb NWs in terms of their synthesis and applications. As an important class of materials that has potential applications in high-performance electronics, optoelectronics and quantum computation, advances in crystal, morphology and composition engineering open up the opportunity of application development. As the surfactant role of the Sb is better understood, a new growth method can be developed to overcome the difficulty of growing high-quality III-Sb NWs in a more controllable manner. In terms of further development of III-Sb NWs, we expect that the development of ternary and quaternary alloys will attract more attention as they offer one more degree to engineer the bandgap and the lattice constant, and hence the electrical and optical properties. Also, to engineer the properties of III-Sb NWs, Al-containing and N-containing III-Sb NWs might also attract considerable interest. Antimonides that contain these two elements are studied in their bulk form for various applications. Taking the mixed nitride-antimonide material system as an example, the interaction between nitrogen and antimony atoms allows a relatively large bandgap adjustment with a small amount of dopant (either N or Sb atoms) into the host lattice (antimonide). In section 5.2.1, with 1% of Sb incorporation into the GaN NWs, the bandgap is tuned from 3.4 eV to 2 eV. This is an important technique which provides one more degree of freedom to adjust the NW properties with better control in the lattice mismatch. In another system, III-V dilute nitride semiconductors -whereby a small amount of nitrogen atoms are incorporated into the III-V matrix-have been studied for optoelectronics [181] and solar cell applications [182, 183] . The advantage of this type of material is that with a few percents of nitrogen being incorporated into the III-V matrix, the bandgap can be effectively modulated; III-V dilute nitride semiconductors have therefore been researched substantially in the bulk form. NW lasers based on GaAs/GaNAs core/shell structures have been demonstrated [184] . For III-Sb NWs, several attempts have been made to incorporate a few percents of nitrogen atoms into III-Sb NWs to form quaternary NW or shell layers [24, 185, 186] . After developing the material, creating the heterostructure is also important. So far, heterostructures with various material combinations have been fabricated. However, the development of complex heterostructures, such as the core-multishell configuration, is still lacking. These structures are extremely important in developing future optoelectronics.
Overall, III-Sb NW synthesis and their applications go hand-in-hand. As better NW fabrication methods are developed, more novel devices can also be obtained. Development is still lacking, especially for III-Sb NW-based optoelectronics, but we expect it will be developed rapidly in the near future.
